Starch starts to retrograde and form a crystalline structure immediately after gelatinization upon heating with water. The retrogradation rate is affected by the starch granule size, degree of polymerization, amylose/amylopectin ratio, starch concentration, water content, and storage temperature. Retrogradation of amylose occurs over a short term, while that of amylopectin occurs over a long term. The degree of starch gelatinization and retrogradation is evaluated by the degree of crystalline structure formation, viscoelastic properties, molecular mobility, and enzymatic digestibility using thermal, rheological, spectroscopic, and chemical techniques. The addition of carbohydrates, lipids, proteins, salts, acids, polyols, and enzymes changes the starch retrogradation rate, and some of these prevent retrogradation.
Rice is consumed worldwide as a staple food and is an indispensable food material in our daily life. As consumption of processed starchy foods available at supermarkets increases, the maintenance of food quality during transportation and storage at cold temperatures becomes an important issue. However, effective means to evaluate and prevent starch retrogradation phenomena have not been fully established yet. Here, we summarize the various methods for evaluating starch gelatinization and retrogradation as well as additives that influence starch retrogradation.
Characteristics of Rice Starch
Starch is the major component in cereals such as rice and wheat. Starch consists of two types of molecules, amylose and amylopectin. Amylose is a linear polymer composed of a-1,4-linked glucose units, while amylopectin is composed of a-1,4-linked glucose units with a-1,6 branches. Amylose has a helical structure with 6 glucosyl residues repeating at about 8 Å per turn (1) , and the interior part of the helix is hydrophilic and contains hydrogen atoms (2) . The degree of polymerization of rice amylose is 920-1110 (3), which is small compared with amylose from other sources that ranges from 800 to 4,920 (2) . On the other hand, the degree of polymerization of rice amylopectin is 8,200-12,800 (4), which is large compared with amylopectin from other sources that ranges from 4,700 to 12,800 (2) . The b-Amylase hydrolysis limit of rice amylose is 73-84%, whereas that of rice amylopectin is 49-59% (5) . The amylose/amylopectin ratio greatly affects various physico-chemical properties of starches. In general, starch with a higher amylose content produces harder gels with a higher amount of water leakage (6) . Rice starch has a wide range of characterized amylose/amylopectin ratios (5) , with the amylose content ranging from 0-32% (4). The starch granules of rice are rather small (2-7 mm) compared with those of maize (10-15 mm) and potato tubers (15-100 mm) (7) , and are resistant to acid (2) . The characteristics of these amylose and amylopectin that compose the starch strongly influence the retrogradation of rice starch.
Starch Gelatinization and Retrogradation
During cooking of rice with water, water diffuses into the starch granules, which swells amylopectin and collapses the crystalline structure of amylose and amylopectin by breaking hydrogen bonds (2) . Amylose forms a random-coil structure just after gelatinization (8) . The melting temperatures of amylose and amylopectin crystallites are approximately 60˚C and 140˚C, respectively (8) , and rice with higher amylose content shows a higher gelatinization temperature (9) .
Gelatinized starch easily retrogrades during cold storage, and prevention of this retrogradation is an important issue for the food industry. During storage in a refrigerator, starch chains recrystallize to form hydrogen bonds between hydroxyl groups on adjacent starch molecules (2) . Upon aggregation of double helices of amylose and amylopectin chains, starch gels become elastic and firm (10) .
The first stage of retrogradation consists of rapid reordering of amylose to form double helices and crystallites (11) . Then, retrogradation of amylopectin occurs over a longer term (12, 13) . In dilute solution, retrogradation of amylose in the short term is irreversible below 100˚C, whereas that of amylopectin in the long term S135 is reversible above 100˚C (14) . Co-crystallization of amylose with amylopectin occurs during retrogradation (11) . The crystal unit cells contain left-handed, parallel stranded double helices made up of 12 glucose units. There are two types of crystals with different double-helix arrangements and amounts of water inside of them. The A-type crystal has a monoclinic unit cell containing 4 water molecules, whereas the B-type crystal has a hexagonal unit cell containing 36 water molecules (11) .
The retrogradation rate is affected by the starch nature, starch concentration, amylose/amylopectin ratio, water content, and storage temperature (15) . For example, the retrogradation rate of 50% starch gels is higher than that of 10% ones. As for 50% starch gels, the degree of retrogradation increases in the following order: frozen,room temperature,refrigerated (16) .
Rice with high amylose content shows greater retrogradation rates (9) . The main genes affecting the retrogradation of rice starch are Wx and SSIIa genes, which are responsible for amylose and amylopectin synthesis (17) . The rate of retrogradation of rice flour gels is slower than that of isolated starch gels (18) , indicating that other components such as proteins and lipids may affect retrogradation (8) .
Evaluation of Starch Gelatinization and Retro gra dation
Gelatinization and retrogradation are evaluated by several different methods from different aspects. During retrogradation, partial crystallization of starch molecules occurs, which makes the gelatinized gel hard, rigid, immobile, and indigestible. Therefore, the degree of retrogradation can be measured by degree of crystalline structure formation, molecular mobility, rheological properties, and enzymatic digestibility. The methods to evaluate starch retrogradation are well summarized by Wang et al. (19) .
Differential scanning calorimetry (DSC), differential thermal analysis (DTA), and thermogravimetry evaluate the realignment of disrupted amylose and amylopectin molecules to form a partially ordered structure and exudation of water from starch gels (19) . The transition temperatures (onset, T0; peak, Tp; and conclusion, Tc) and enthalpy change (DH) due to crystalline melting can be obtained from DSC thermograms.
X-Ray diffraction (XRD) detects long-range ordered structures involving regular and repeated arrangement of double helices, reflecting the 3-dimensional order of starch crystallinity (19) . However, the XRD pattern is an average of many granules and does not pick up variability between or within granules.
Small angle X-ray scattering (SAXS) evaluates variations in the distribution of electron density between two phases such as amorphous and crystalline lamellae (19) . SAXS patterns detect the average thickness of amorphous and crystalline lamellae (20) .
Proton ( 1 H) nuclear magnetic resonance (NMR) can analyze the mobility of starch polymer chains (21) . Gelatinized starch molecules are mobile and show liq-uid-like behavior, whereas retrograded starch molecules show solid-like behavior. The state of starch molecules is evaluated by spin-spin relaxation time (T2) (22) . Retrogradation makes the signal attributed to protons in the solid phase increase and the signal from the liquid component decrease. The T2 value decreases as retrogradation proceeds.
Solid-state cross-polarization/magic-angle spinning 13 C NMR detects the molecular organization of starch granules at a shorter distance than XRD, receiving the information on ordered helices and amorphous single chains (19) . The amorphous domains for C-1 and C-4 are reflected by the broad shoulders at 103.2 and 82.4 ppm, respectively (23) . The intensity of the C-4 resonance at 82.4 ppm is evident on gelatinization and decreases as rigid structures develop due to the interaction of starch chains during retrogradation (19) .
Fourier transform infrared spectroscopy detects the order in crystalline regions and the state of organization of double helices localized inside crystallites (19) . Bands at 1,047 and 1,022 cm 21 reflect the amounts of ordered and amorphous regions, respectively (24), while the band at 995 cm 21 is sensitive to water content. The absorbance ratios of 1,047/1,022 and 1,022/995 cm 21 represent the order in more crystalline regions and the state of organization of double helices localized inside crystallites, respectively (19) . These ratios increase with an increase in structural organization during retrogradation (25) .
Texture profile analysis (TPA) and Rapid Visco Analyzer (or Brabender Amyloviscograph) evaluate large deformations, whereas the dynamic oscillatory test, creep compliance/recovery test, and stress relaxation evaluate small deformation of gels (19, 26) . From these measurements, hardness, adhesiveness, and rheological properties such as elasticity and viscosity can be obtained.
The digestibility of retrograded starch is evaluated using a-amylase (27) or b-amylase/pullulanase (28, 29) . A combination of b-amylase and pullulanase is effective to detect the structural changes in raw, gelatinized, and retrograded starch (30) .
Additives that Influence Starch Retrogradation
Prevention of retrogradation of starch by various substances such as carbohydrates, lipids, proteins, salts, acids, polyols, and enzymes has been extensively studied. However, the results are sometimes contradictory.
Some report that glucose and fructose inhibit retrogradation of starch (19) , while others report that these substances promote recrystallization of amylopectin (8, 31) . Another work reports that sugars slightly promote short-term retrogradation but retard long-term retrogradation (13) . Disaccharides such as sucrose and maltose are reported to be more effective than monosaccharides such as glucose and fructose to prevent retrogradation (32) . Malto-oligosaccharides with a degree of polymerization of 3-6 reduce retrogradation better than maltose (33) . Sugar alcohols such as xylitol, sorbitol, and galactitol are also effective in retarding starch retrogradation (34) .
Contradictory results have also been obtained regarding the effect of polysaccharides on starch retrogradation (8) . b-Cyclodextrin, guar gum, and xanthan gum retard the retrogradation of amylose-containing starch, but not that of waxy starch (35, 36) . b-Glucans retard retrogradation in rice starch gels, b-glucans of watersoluble oat and barley being more effective than those of insoluble curdlan and yeast (37) . Water-soluble pentosans retard the retrogradation rate of starch by affecting amylopectin, whereas water-insoluble pentosans retard it by affecting both amylose and amylopectin (38) . On the other hand, polysaccharides such as b-glucan, arabinoxylan, guar gum, and xanthan gum promote retrogradation of waxy maize starch, but do not affect that of wheat starch (39) . Hydroxypropyl b-cyclodextrin increases short-term amylose retrogradation, but does not affect long-term amylopectin retrogradation (40) . -Carrageenan promotes short-term retrogradation of starch especially in the absence of salt (41) . Arabinoxylan also promotes the retrogradation of starches from waxy maize, amylomaize, wheat, and potato, probably because water is absorbed by arabinoxylan and becomes less available to the starch (42) . The effect of arabinoxylan is dependent on the initial starch concentration, and the maximum recrystallization occurs when the starch concentration is 50-60%. Although no general conclusions have been obtained, hydrocolloids such as guar gum, xanthan gum, and carrageenan seem to promote short-term retrogradation and retard long-term retrogradation (15) .
Lipids interact with amylose and disturb the crosslinking and formation of double helical structures between amylose molecules (8) . Fatty acids with shorter chain length retard retrogradation of starch more effectively (31) . Lipids prevent water penetration into granules and granule swelling. In addition, lipids form complexes with amylose and amylopectin, which inhibits the crystallization of starch (19) .
Proteins such as soy protein isolate interact with starch and weaken the gel matrix (8) . Soybean 7S globulin retards starch retrogradation, whereas soybean 11S globulin promotes it (43, 44) . Wheat glutenin retards retrogradation of starch, but wheat albumin, globulin, and gliadin promote it (45) .
Salts become ionized to anions and cations in water, and likely retard the retrogradation rate of starch by affecting the hydrogen bonds of water-starch systems (8) . Bivalent cations such as Ca 21 and Mg 21 suppress starch recrystallization more effectively than monovalent cations such as Na 1 and K 1 (46), probably because larger cations replaced with hydrogen ions in starch molecules interact with starch hydroxyl groups and negatively-charged groups, preventing starch from recrystallizing (8) . In addition, alkali salts like Na2CO3 and NaOH also retard the retrogradation rates of starch from wheat, corn, and rice, with NaOH being more effective than Na2CO3 (47) . Sodium trimetaphosphate or sodium tripolyphosphate cross-linked with nonwaxy rice starch delay recrystallization, likely by restricting swelling and reducing hydration of starch granules (48) .
Citric acid prevents retrogradation, probably by breaking down the glycosidic bonds in acidic pH (8) .
Polyols suppress starch retrogradation, presumably by forming hydrogen bonds with starch molecules (8) . Polyalcohols with higher numbers of hydroxyl groups retard starch recrystallization more effectively, with xylitol (5OH) and threitol (4OH) being more efficient than glycerol (3OH) and glycol (2OH) (33) . Rutin, which has 10 hydroxyl groups in each molecule, retards the retrogradation of rice starch (49) Amylase and cyclomaltodextrinase are reported to retard starch retrogradation (50, 51) . The effect of amylase on starch retrogradation is estimated to be due to the production of low-molecular-weight fragments and the reduced ability of degraded starch to retrograde (8) . Cyclomaltodextrinase decreases the amylose content of rice starch without changing the amylopectin content (51) . The change in amylose/amylopectin ratio and formation of dextrins may decrease the reassociation of the starch molecules (8) . Amylopectin treated by isoamylase, which hydrolyzes the branch linkages, shows a lower retrogradation rate than untreated amylopectin (52) .
Conclusion
Rice is consumed as a staple food in many countries, and therefore its preservation without quality deterioration is important. However, most additives reported so far to prevent retrogradation change the taste or texture of products. Further investigations are required to understand and develop the means to prevent retrogradation phenomena.
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